Introduction and justification
According to research carried out by the Tyndall Centre of Climate Change in the UK, Peru is one of the most vulnerable countries in the world to climate change. When the Mega-Niño of 1997-1998 occurred, cities along the Peruvian coast experienced temperature increases of 6ºC in just a few months (see Figure 1 below ), while the impact in most other places in the Americas was limited to a couple of degrees or less. El Niño's impact in Peru is not limited to temperature changes, but also causes large precipitation changes. Under normal conditions, the predominant ocean currents keep the water off the Peruvian coasts relatively cold and nutrient rich (Woodman 1998) , which contributes to the success of the fishing activities in Peru. When waters are cold there is little evaporation, which explains why it rarely rains along the coast. However, when the El Niño phenomenon occurs, the increase in ocean temperatures causes increased evaporation, which in turn tends to cause excessive rainfall and flooding in the northern part of Peru.
The 1997-98 El Niño, for example, caused extensive damage in Peru. Flooding affected 120,000 homes and destroyed 50 bridges, hundreds of kilometers of paved roads, and 50,000 hectares of crops. The unusually warm water off the coast caused fish to migrate to colder, more nutritious waters, causing sharp reductions (about 74%) in the Peruvian fish harvest, which in turn adversely affected the manufacturing chain dependent on fish as a raw material. An excess number of cases of diarrhea were registered as were outbreaks of malaria, cholera, and dengue fever. Due to the breakdown of infrastructure, prices in some places rose by 20-100% due to lack of supply of basic goods. Exports were also adversely affected. Total losses were estimated at close to a billion dollars (Meerhoff, 2008) .
While GDP growth in 1997 was relatively high (6.9%), it turned negative (-0.7%) in 1998 and remained close to zero for three more years before finally recovering in 2002. An even more adverse impact was experienced in the previous Mega-Niño of 1982-83, with negative growth of -12% in 1983 (World Development Indicators) 1 .
The El Niño Southern Oscillation (ENSO) is an irregularly occurring phenomenon that has been documented to have taken place at least ten thousand years back in time with varying intensity and frequency (Carré et al., 2005) . While the latest IPCC review found no scientific evidence that global warming through carbon emissions would affect the frequency or amplitude of the ENSO cycle (Meehl et al., 2007, p. 751) , the strong, adverse effects of recent El Niño events do suggest that climate change in general might have significant economic and social impacts, although the scale would likely be much smaller, as the magnitude of change that can be expected is in the order of a few degrees over 50 years instead of 6 degrees over 2 months.
The objective of this paper is to estimate the effects of the gradual climate change experienced over the previous 50 years and the expected climate change over the next 50 years on incomes and life expectancy in each of the districts in Peru. We will not be concerned about individual extreme events, but rather the equilibrium effects of climate change (including an averaged effect of extreme events, to the extent that changes in average climate cause changes in extreme events).
A simple way to gauge how climate change affects human development is to compare human development across regions with different climates. This has, for example, been done by Horowitz (2006) , which uses a cross-section of 156 countries to estimate the relationship between temperature and income level. The overall relationship found is very strongly negative, with a 2F increase in global temperatures implying a 13% drop in income. This is very dramatic, but the relationship is thought to be mostly historical and thus not very relevant for the prediction of the effects of future climate change. In order to control for historical factors, the paper includes colonial mortality rates as an explanatory variable, and finds a much more limited, but still highly significant, contemporaneous effect of temperature on incomes. The contemporaneous relationship estimated implies that a 2F increase in global temperatures would cause approximately a 3.5% drop in world GDP.
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In order to further control for historical differences, Horowitz (2006) uses more homogeneous sub-samples, such as only OECD countries or only countries from the Former Soviet Union, and the negative relationship still holds. However, as directions for further research, he recommends empirical studies of income and temperature variations within large, heterogeneous countries, which would provide much more thorough control for historical differences.
This is exactly what we will do in the present paper. Using data from 1,829 districts in Peru 2 , we will estimate contemporary relationships between temperature and income as well as between temperature and life expectancy. While it is always dangerous to draw inferences about changes in time from cross-section estimates, we will use the estimated relationships to roughly assess the likely direction and magnitude of the effects of climate change in Peru.
Two different types of climate change will be assessed. First, the documented recent climate change in each of the 1,829 districts, as estimated from average monthly temperature series from 1948 to 2008 for all the Peruvian meteorological stations that have contributed systematically to the Monthly Climatic Data for the World (MCDW) publication of the US National Climatic Data Center.
Second, we will use the predictions of the Fourth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC4) climate models to simulate the possible effects of projected future climate change in Peru.
The rest of the paper is organized as follows. Section 2 describes the data sources and provides descriptions of the key variables. Section 3 estimates the cross-district relationships between climate and human development, controlling for other key variables that also affect development. Section 4 analyzes past climate change for 24 meteorological stations across Peru, and estimates average trends in temperatures and precipitation. Section 5 uses the results from sections 3 and 4 to simulate the effects of past climate change on income and life expectancy in each of the 1829 districts in Peru. Section 6 summarizes the climate changes that are expected for Peru during the next 50 years, and section 7 simulates the likely effects of these changes on incomes and life expectancy. Section 8 concludes.
The data
The data used for this paper consist of both cross-section data and time series data. The district level cross-section data base, which was used to estimate the relationship between climate and development in Peru, was constructed using data from many different sources. Table 1 lists the variables, their definitions, and the sources of the information.
2 There are 1831 districts in Peru, but we don't include the districts of Mazamari and Pangoa of the Satipo province in Junín, because the local authorities didn't accept to participate in the 2005 Census, thus we do not have social and economic data for these two districts. As we did not have meteorological data for each and every district in Peru, this information was estimated. Since average annual temperature in any particular location depends principally on distance from the equator and elevation above sea-level, we estimated a simple model (see Table 2 ) using information on average annual temperature, latitude, and altitude for all the Peruvian stations for which we could obtain "normal" temperature data (from www.worldclimate.org). The model indicates that, for every kilometer of elevation, the temperature drops 2.15ºC, and for every latitudinal degree further south, the temperature drops 0.39ºC. This information was used to estimate temperature in all the remaining districts, using the altitude and latitude of the district capital.
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Rainfall does not present such simple regularities, so in order to estimate rainfall for the districts where this information was missing, we used the 10-minute latitude/longitude data set of mean monthly surface climate over global land areas, constructed by New et al. (2002) . This data set includes precipitation data and was interpolated from a data set of station means for the period centered on 1961 to 1990. 3 In order to assess the climate change trends in the different parts of Peru, we obtained monthly temperature and rainfall data from 1948 to 2008 from the Monthly Climatic Data for the world (MCDW) publication of the US National Climatic Data Center (NCDC). The constructed data set was complemented with data from the Global Climate Observing System of the NCDC (sent by request) and data obtained from the National Meteorological and Hydrological Service of Peru (SENAMHI). The data are described in more detail in Section 4 below.
Modeling climate and human development
In this section, we estimate the contemporary relationship between climate and human development in Peru. Two dimensions of human development are analyzed: income and health, because these are the ones that most directly could be affected by climate change. Education, on the other hand, is treated as an explanatory variable instead of a dependent variable.
As several researchers have pointed out, the relationship between temperature and development is likely to be hump-shaped, as both too cold and too hot climates may be detrimental for human development (Mendelsohn, Nordhaus & Shaw, 1994; Quiggin & Horowitz, 1999; Masters & McMillan, 2001 , Tol, 2005 . In order to allow for this possibility we include both average annual temperature and its square in the regression. The same argument also holds for precipitation and possibly also urbanization rates, which is why we also include precipitation and urbanization rates squared.
Thus, the regressions in this section will take the following form: ln where y i is a measure of the income level in district i, temp i and rain i are normal average annual temperature and normal accumulated annual precipitation in district i, edu i is a measure of the education level (percentage of the adult population that can read and write), urb i is the urbanization rate of the district, and  i is the error term for district i.
The life expectancy regression will take the same form as the income regressions, except that we will not apply the natural logarithm to the dependent variable. All regressions are weighted OLS regressions, where the weights consist of the population size in each district.
The regression results for both income and life expectancy are reported in Table 3 . The results at the bottom of the table show that just these four explanatory variables (temperature, rainfall, education, and urbanization rates) explain more than 74% of the variation in incomes between the districts in Peru. This is a very good fit, which suggests that we have included the most important explanatory variables, and that including addition variables would make little difference. The same four variables explain about 81% of the variation in life expectancy, which is even more impressive.
Education level, here measured as the percentage of the adult population that can read and write, is the most important variable, explaining about 48% of the variation in incomes and about 58% of the variation in life expectancy. The remaining variables are also all statistically significant, but in a non-linear way. As it is difficult to judge the effects directly by looking at the estimated coefficients, we have plotted the estimated relationships in Figure 2 . The axes are scaled to represent the actual range of temperatures, rainfall, 8 incomes, and life expectancies experienced in different Peruvian districts, so that the magnitude of climate impacts can be seen in the appropriate perspective. 95% confidence intervals on the estimated relationships have also been included in the figure.
Panel (a) shows a hump-shaped relationship between average annual temperature and per capita income, with inhabitants in the regions located in the optimal temperature range earning at least 50% more than inhabitants living in either the coldest or the hottest regions.
Panel (b) also shows a hump-shaped relationship between temperatures and life expectancy, with a difference of more than 10 years between the optimal temperature and the coldest temperature. Source: Graphical representation of the estimation results from Table 3 . Notes: The thick red line represents the point estimate from the regressions in Table 3 while the thin black lines   9 outline the 95% confidence interval on the relationship as estimated by Stata's lincom command.
Panel (c) and (d) suggest that people in Peru do better with either very little rain or with a lot of rain. For intermediate amounts of rain, incomes and life expectancies are considerably lower. This is somewhat counter-intuitive, but the results are very robust.
Recent climate change in Peru
In this section we will analyze climate data from Peru from May 1948 to May 2008 to test whether there are any significant trends, and whether these trends differ between regions.
Most of the data come from the Monthly Climatic Data for the world database collected by the National Climatic Data Center (NCDC) in the US. This project started in May 1948 with 100 selected stations spread across the world. Peru started contributing with data from four stations (Piura, Chiclayo, Lima, and Cuzco) in August 1948. Since then, many more stations have been included in the data base, and 20 Peruvian stations have contributed more or less regularly. The original data were organized in 61 printed volumes with 12 issues in each (one for each month of the year), totaling 723 months. All data were qualitychecked and published by the NCDC about 3 months after the raw data had been collected. Data for 5 stations (Arequipa, Chachapoyas, Iquitos, San Juan and Tarapoto) were very incomplete in the original publications, but NCDC had the data in their database, and made it available to us.
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Monthly data from 4 other stations (Augusto Weberbauer, Campo de Marte, Granja Kcayra, and La Pampilla) were obtained directly from the National Meteorological and Hydrological Service of Peru (SENAMHI).
In total we have obtained temperature and precipitation series for 24 stations in Peru. These are listed in Table 4 . Once the temperature and precipitation series had been constructed and checked for unrealistic values (there were 21 unrealistic temperatures and 11 unrealistic precipitation observations, which were eliminated), we proceeded to calculate "normal" temperatures and "normal" rainfall for each station-month for the reference period 1960-1990.
Temperature trends
Using the "normal" values for each station and each month, we calculated monthly anomalies for each station for the whole period (actual temperature minus normal temperature for that month). Anomalies are easier to analyze than the raw temperature and rainfall data, since the seasonal variation is eliminated through the subtraction of normal monthly temperatures. All 24 temperature anomaly series are plotted in Appendix A.
Once we have the series of temperature anomalies, it is straightforward to test whether there is a significant trend. This is done by regressing the anomaly on a trend-variable which has been scaled so that the coefficient can be directly interpreted as temperature change per decade in degrees Celsius. We use a confidence level of 95% to decide whether the trend is statistically significant, which means that the P-value should be less than 0.05 for the trend to be significant. Table 5 shows the estimated trends for each of the 24 stations in Peru. Of these, 15 show a significant warming trend, typically of 0.2-0.3ºC/decade, 4 show a significant negative trend of -0.1 to -0.2ºC/decade, and 5 show no significant trend. La Pampilla shows exceptional warming compared to all other stations, but an inspection of the anomaly series (see Appendix A) shows that no warming has taken place during the last 25 years, and that a strange, abrupt drop in temperatures take place in the beginning of the series. Map 1 shows that warming trends and cooling trends seem to be spread randomly across the Peruvian territory. The coast is dominated by warming trends, but interspersed with a cooling trend and a couple of insignificant trends. The mountains have a couple of cooling trends, but also several warming trends. Iquitos, in the rainforest, has the most complete temperature series of all the Peruvian stations, and show cooling, but other rainforest stations show warming. Based on these estimated trends, it is not possible to establish any systematic differences between regions, and our simulations in the next section will therefore be based on an average trend for the whole country.
The average trend over all 24 stations is +0.16ºC per decade. If we limit ourselves to the stations that have at least 500 observations (out of 723 possible), the average trend is +0.17ºC/decade. If we rely only on the most complete series with over 600 observations the trend is reduced to +0.02ºC/decade, which is indistinguishable from no trend. This suggests that the estimated trend is sensitive to the starting and end points of the series. This is because temperature data show strong cyclical patterns, and if a series happens to start at the bottom of a cycle and end at the top of a cycle, it will show a stronger average trend than if it happens to start at the top of a cycle and end at the bottom. No century-long series exist for Peru, so the trend we have estimated for 1948-2008 is strictly for that period, and cannot be expected to continue neither backwards nor forwards.
It should also be pointed out that these are the raw temperature data without any adjustments due to urbanization and land use changes. This is appropriate for an analysis on the impacts of experienced climate change, but not appropriate for an analysis about the causes of such climate change. This paper does not distinguish between the different causes of climate change (natural variation, increased CO 2 , land use changes, etc), but simply simulates the likely effect of actual measured climate change.
An average warming of 0.15ºC per decade seems to be a reasonable value to choose for the simulations in the following chapter. That is, an average increase of 0.75ºC over the last 50 years.
Map 1: Temperature trends 1948-2008 at 24 meteorological stations in Peru
Source: Plot of the location of the temperature trends estimated in Table 5 .
Precipitation trends
Using the same methodology as above, the precipitation data for 24 stations are analyzed to detect systematic trends. All the 24 precipitation anomaly series are plotted in Appendix B. Table 6 shows that 4 stations had a significant negative trend in precipitation, 3 stations had a significant positive trend, but the majority of stations (17) had no significant trend at all. There seem to be no systematic differences between regions. Among the coastal stations, three showed a reduction, two showed an increase and five no change. Among the mountain stations, all stations showed no significant change. Among the rainforest stations, one showed increase, one showed decrease and four showed no change.
In no region is there convincing evidence of a systematic change in precipitation, so for the purpose of simulation in the following section, we will assume no change in precipitation patterns over the last 50 years.
Simulating the impact of recent climate change
In this section, we will use the two models estimated in Table 3 above to simulate the impacts of the climate change experienced during the last 50 years on per capita income and life expectancy in each of the 1,829 districts in Peru.
To gauge the impacts of climate change we will compare the following two scenarios: 1) Climate Change, which is the factual scenario, and 2) No Climate Change, which is the counterfactual scenario. The Climate Change temperatures are the actual temperatures in each district, whereas the No Climate Change temperatures are the actual temperatures minus the temperature changes experienced over the last 50 years, according to the analysis in the previous section, i.e. 0.75ºC lower. Precipitation is the same in both scenarios. Education levels and urbanization rates are also held constant in order to isolate the effect of changes in climate.
Impacts of recent climate change on life expectancy
The Climate Change level of life expectancy can be written as:
where the index i refers to district i; t and r are the temperature and rainfall variables; the ˆs are the estimated coefficients on the temperature and rainfall variables; the X j s are the remaining j explanatory variables including the constant term; the j  s are the coefficient to these variables; and i ˆ are the estimated error terms for each district.
Equivalently, the counterfactual level of life expectancy under the assumption of No Climate Change can be written as:
where the only thing that differ is the temperature variable.
The difference between the two scenarios is the difference in life expectancy that can be directly attributed to climate change:
Since rainfall is assumed to be the same in the two scenarios, the third and fourth term of this expression drops out. Table 7 shows the simulation results aggregated at the regional level and at the country level. Overall, the warming experienced over the last 50 years is estimated to have no effect on life expectancy, but this is a net effect resulting from the initially cool regions having gained from warming and the initially warm regions having lost. According to the simulations, the most adversely affected district in all of Peru is Yurimaguas in the province of Alto Amazonas in Loreto. This was an already hot district which got even warmer, thus having an adverse effect on life expectancy of about 0.9 years. More than 100 highland districts were estimated to gain at least 1 year of life expectancy due to climate change during the last 50 years, as temperatures warmed towards more optimal levels. Figure 3 plots the changes in life expectancy due to past climate change against the initial level of life expectancy (the level they would have had in the absence of climate change). There is a significant negative relationship, implying that districts that initially had relatively low levels of life expectancy generally have gained from past climate change, while the districts that initially had higher levels of life expectancy have experienced and adverse impact from past climate change. Thus, the simulations suggest that climate change during the last 50 years has contributed to reducing inequalities in life expectancy between Peruvian districts. 
Simulation results

Impact of recent climate change on income levels
After estimating this ratio for each district, it is straightforward to calculate the percentage change in income levels that can be attributed to climate change.
At the national level, the simulation indicates that past climate change has had a negative effect on overall income levels of about 1%. This modest effect at the aggregate level, however, hides much larger variations at the state and district levels. The jungle state of Loreto, for example, is estimated to have experienced a reduction in incomes of about 5.1%, while the mountain state of Puno is estimated to have benefitted in the order of 5.5%. There is a statistically significant negative relationship between initial level of income and estimated impact from past climate change, indicating that while recent climate change has had an adverse effect on overall income levels and poverty levels, it may have contributed slightly to an improvement in the income distribution. According to the simulations, many cold, poor districts have benefitted from a little warming, while all the initially richer, warm areas (including Lima) have been adversely affected by further warming. 
Expected future climate change in Peru
Having quantified the impacts of climate change during the last 50 years, we now turn to an assessment of the likely impacts of possible climate change during the next 50 years.
For that purpose we will use the regional climate projections made by Working Group 1 for the Fourth Assessment Report of the Intergovernmental Panel on Climate Change, which provides a comprehensive analysis based on a coordinated set of 21 Atmosphere-Ocean General Circulation Models (Christensen et al, 2007) . The use of several different models allows an assessment of the level of confidence with which predictions can be made. According to the model simulations reported in Christensen et al (2007) , temperatures are going to increase fastest in the rainforest region and slowest along the coast (see Figure 5 ). This does not really correspond to what has been observed in the past (see Map 1), but the past includes all effects, both natural and manmade, while the simulations for the future only includes the expected effect of increased concentrations of CO 2 in the atmosphere. Since temperatures are projected to increase approximately linearly over this century, the IPCC projections lead us to assume that temperature increases over the next 50 years will be about 1ºC in the coastal region, 1.5ºC in the mountain region, and 2ºC in the rainforest region.
The 21 IPCC models show little agreement about expected precipitation changes in Peru. About half the models predict a slight increase, especially in the northern part of Peru, but the evidence is very weak (Christensen et al (2007) , p. 895). For the purposes of the simulations in the following section, we will assume no systematic changes in precipitation over the next 50 years. Table 9 shows how the expected climate changes described in the previous section would likely affect life expectancy in Peru over the next 50 years (holding all other factors constant).
Simulating the impact of expected future change
At the aggregate level, future climate change in Peru is estimated to cause a small reduction in average life expectancy of about 0.2 years. This average, however, hides much bigger losses in the already hot areas as well as substantial gains in currently cold areas. The state that is estimated to benefit most from expected future warming is Puno located high up in the Andes Mountains. In contrast, the simulations suggest that Loreto in the jungle would suffer a 2 year reduction in life expectancy due to future warming of 2ºC. Figure 6 plots the estimated change in life expectancy in each district against current life expectancy. There is a significantly negative correlation ( = -0.45) between the two, implying that currently rich districts are likely to lose from future climate change, whereas the majority of the currently poorest districts are projected to experience an increase in life expectancy due to currently temperatures getting closer to optimal.
Thus, while future climate change is estimated to reduce overall life expectancy in Peru, it is estimated to reduce differences in life expectancy between districts, and to have a beneficial effect on the majority of currently disadvantaged districts. The simulated effects of future climate change on incomes are presented in Table 10 . The overall reduction in incomes due to the climate change we can expect over the next 50 years is around 2.3%, but this average hides much larger impacts at the state and district levels. The incomes in the jungle state of Loreto are estimated to be more than 15% smaller in 50 years if the region experiences a 2ºC increase in temperatures, compared to a situation of no climate change. In contrast, the mountain state of Puno is estimated to experience increases in incomes in the order of 9% if temperatures in the region is going to be 1.5ºC higher. Figure 7 plots the estimated change in incomes for each district against the current level of incomes. It is seen that among the currently poor districts, there will both be winners and losers from projected future climate change, with losers being in majority. This means that future climate change is estimated to contribute to increasing poverty in Peru.
There is a very weak negative correlation ( = -0.06) between current income levels and estimated changes due to future climate change, suggesting that climate change will likely have no significant effect on the income distribution in Peru. 
Conclusions
In this paper we first used a district level cross-section database to estimate the general relationship between climate and income in Peru. We found that the inhabitants of regions with average annual temperatures around 18-20ºC are considerably better off than inhabitants in both colder and warmer regions, both in terms of income and life expectancy.
These estimated relationships were then used to simulate the effects of both past and future climate change. Past changes in climates were analyzed using historical data from 24 meteorological stations spread across the territory, and estimating average trends for each station. It was found that average annual temperatures have increased by about 0.15ºC per decade over the last 6 decades. Although there were local variations, no systematical differences were found between the main three ecoregions. No systematic changes in precipitation were found, either.
The consequences of past warming were then simulated using the estimated cross-section models. The results indicate that initially cold regions have likely benefitted from past warming, while initially hot regions have been adversely affected by further warming. The net effect at the national level was a 1% decrease in incomes attributed to the 0.75ºC warming that has taken place over the last 50 years, but zero net effect on life expectancy, as the positive and negative effects exactly cancel each other out.
Whereas temperatures over the past 50 years have shown moderate warming of about 0.75ºC across the territory, future warming is projected by the IPCC to be considerably stronger, especially in the rainforest region for which IPCC models indicate a 2ºC increase in average annual temperatures over the next 50 years. No systematic changes in rainfall are indicated by IPCC models for Peru.
The paper simulated the likely effects of these projected climate changes, and found again that there are both winners and losers from expected climate change in Peru, but that the negative effects tend to dominate. In terms of life expectancy, the currently most disadvantaged regions are projected to benefit from warming, whereas currently better off regions are projected to experience losses in life expectancy, implying that future climate change may contribute to a reduction in health inequalities between Peruvian districts.
In terms of income, future climate change is estimated to cause substantial changes in the income distribution, as more than 500 presently poor districts are projected to gain at least 5% more income due to warming, whereas another 400 poor districts are projected to lose at least 5% of income. Lima, one of the richest regions, is projected to lose about 4% if temperatures along the coast increase by another 1ºC.
Some qualifications to these results are in order. First of all, it is always dangerous to make inferences about changes in time based on cross-section estimates. The results should not be interpreted as forecasts, merely simulations indicative of the likely direction and magnitude of effects.
Second, the simulations have been carried out by varying temperature, but holding all other factors constant. Holding everything else constant is of course not realistic. Education levels are likely to increase and the structure of the economy is likely to keep changing towards activities that are less sensitive to the climate. If the high growth rates experienced since 2000 (4.5% per year) continue, incomes in 2058 would be 9 times higher than now if there were no climate change, and 8.8 times higher if climate changes as projected by the IPCC models. In either case, people are considerably richer than they are now, and their ways of living may be so different, that the climate-income relationships of today are no longer relevant.
Third, people do not necessarily have to stick around as temperatures increase, as the simulations in the present paper have assumed. Internal migration could potentially reduce the costs of climate change, if people can move towards regions with more suitable climates.
Fourth, this paper compares equilibrium situations before and after climate change, but ignores transition costs. Since climate changes are expected to happen in slow motion, especially compared to the natural variation from month to month and from place to place, such transition costs are likely small, but they may include additional investments in new reservoirs and irrigation systems, as hydroelectric facilities and water supplies are affected by changes in the water flow from melting glaciers.
Finally, it should be warned that the impacts found for Peru cannot be generalized to other countries. The impacts of climate change differ from country to country depending on the spatial distribution of the population, the types of activities they are engaged in, and the particular patterns of climate change. 
